INTRODUCTION
One of the most important groups of bioactive natural compounds are essential oil components (EOCs). [1] [2] [3] Since at least the Middle Ages these have been widely used for their antimicrobial, antiparasitic and insecticidal properties in various applications.
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On the contrary, in recent decades, the use of synthetic antimicrobials has taken the lead, partly because of the technological drawbacks of natural products, such as high volatility, reactivity and poor water solubility. These properties decrease their biological effect and limit their application in the agriculture, food and pharmaceutical industries. interactions. When complexes form, the physiochemical properties of the guests can also change significantly, which is then the basis of extensive industrial applications using CDs. 9, 10, 11 Silica mesoporous supports (SMPS) 12 have been used as inorganic scaffolds for the storage and release of drugs and organic molecules. [13] [14] [15] [16] Among the unique features of SMPS are high stability, biocompatibility, homogeneous porosity, high inertness and ease of functionalization. 17 SMPS can be prepared in sizes from micrometric to nanometric with tailor-made pores of around 2-10 nm. One of the most interesting features of these solids in relation to the encapsulation of natural antimicrobial formulations is that SMPS show a very large specific surface area (up to 1200 m  2 g  -1 ) and thus have a large loading capacity.
Previous studies have reported the use of CDs to encapsulate allyl isothiocyanate (AITC), cinnamon leaf, garlic and thyme essential oils in order to develop methods for the controlled release of these active molecules. [18] [19] [20] In comparison, the use of SMPS [21] [22] [23] [24] to encapsulate bioactive natural compounds such as EOCs is very rare. [25] [26] [27] [28] [29] In this context, no examples have been reported in which SMPS were used in order to avoid the fast evaporation or to prolong the activity of the loaded agents.
Here, we took these concepts into account and reported the preparation of nanometric SMPS loaded with four EOCs, selected to represent the major antimicrobial components present in the essential oils (carvacrol, cinnamaldehyde, eugenol and thymol) 30, 31, 32 , and studied their use as antifungal formulations against Aspergillus niger, an example of a common causative agent of agricultural diseases, as well as human aspergilosis in immunocompromised patients. 33 For comparison, we also report the antifungal activity of the same EOCs encapsulated in -CD and pure nonencapsulated EOCs.
EXPERIMENTAL

Methods and chemicals
In order to characterize the materials, the study employed thermogravimetric analysis (TGA), elemental analysis (EA), Fourier transform infrared spectroscopy (FT-IR), powder X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscope (SEM), N 2 adsorption-desorption and nuclear magnetic resonance (NMR). The thermogravimetric analyses were carried out on a TGA/SDTA 851e
Mettler Toledo (Greifensee, Switzerland) balance using an oxidant atmosphere (air, 80 
Preparation of EOCs inclusion complexes with -cyclodextrin
-CD-EOCs inclusion complexes were prepared using a coprecipitation method described by Bhandari et al. 34 with minor modifications. -CD (500 mg) was dissolved and stirred for 3 h, after which the resulting slurry was refrigerated overnight at 4 ºC.
The cold precipitate was recovered by vacuum-filtration and washed with 1.5 mL distilled water, and then dried in a vacuum oven at 75 ºC for 24 h. The final dry complex powders were stored in an airtight glass desiccator at room temperature. Using this approach, the final inclusion complexes -CD-Ca, -CD-Ci, -CD-Eu and -CDThy (i.e -cyclodextrin containing carvacrol, cinnamaldehyde, eugenol, and thymol, respectively) were prepared.
Synthesis of mesoporous MCM-41 microparticles
The synthesis of MCM-41 was based on the use of TEA ligands as hydrolytic inorganic precursors and surfactants as porogen species. 35 In a typical synthesis, 9.36 g of CTABr were added at 118 ºC to a solution of TEA (52.4g) containing 0.98 g of NaOH in 2 mL of water and 0.098 mol of a silatrane derivative (e.g. 22 mL of TEOS was added at 70 ºC to TEA). Then, 180 mL of deionized water were added while being vigorously stirred at 70 ºC. After a few minutes of stirring, a white suspension was formed. Using filtration, the resulting powder was collected and then it was washed with water and ethanol. Finally, the solid was dried at 70 °C. To prepare the final porous material, the as-synthesized solid was calcinated at 550 °C for 5 h to remove the template phase.
Synthesis of SMPS-EOCs
Silica loading with EOCs was achieved via vapor adsorption by mixing each EOCs ( 
RESULTS AND DISCUSSION
The cyclodextrin materials -CD-EOCs were obtained by mixing each EOCs with the -CD. To determine the amount of EOCs in the final isolate complexes, elemental analysis was carried out and the results are shown in Table 1 . 
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The silica materials
The solids EOCs-SMPS were obtained by reaction of the corresponding EOCs with the MCM-41 material. The amount of EOCs entrapped in the MCM-41 material was analyzed via weight differences before and after the loading process. In all cases ca. 500 g kg -1 of the final weight corresponded to EOCs (see Supporting Information). In addition, these loadings were corroborated by the TGA and elemental analysis studies (see Table 1 ); this loading capacity was higher than other encapsulation techniques that were reviewed. 36 In Figure 
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Monitoring of the antifungal properties was carried out for one month and the evaluation of the relative luminosity was analyzed. When the growing fungi was present, the luminosity was decreased. The luminosity of the sample was divided by the luminosity of the control. This means that the growth control exhibited the lowest luminosity (the relative luminosity value was always 1) while the samples with higher antifungal activity show higher relative luminosity. The initial effect of the EOCs on the growth of A. niger was not obvious, hence after 2 days all systems displayed quite a low relative luminosity, indicating that there were no significant differences in comparison to the control. After 6 days of exposure, the most active formulation was SMPS-Thy, SMPS-Ca and pure thymol; in all cases a relative luminosity of approximately 3 was observed. At day 15 there was a clear antifungal effect in the presence of SMPS-Thy and SMPS-Ca, whereas the remaining formulations maintained a very low relative luminosity. This enhanced antifungal activity for SMPS-Thy and SMPS-Ca with respect to the other tested systems was even more notable after one month. After one month, all the -CD-EOCs systems, together with the SMPS-Eu and SMPS-Ci, showed relative luminosity lower than 2 units, and all the pure EOCs showed lower than 3 units.
Meanwhile, the solids SMPS-Ca and SMPS-Thy displayed a relative luminosity of more than 6 units ( Figure 6 ). This remarkable result indicates that after 30 days, carvacrol and thymol essential oils encapsulated in MCM-41 maintained antifungal activity and inhibited fungal growth. In case of -CD-EOCs, there was no significant antifungal effect. The reason could be the low availability of the active compounds in this type of encapsulation, or that -CD itself increased the mycelial growth of A. niger because -CD acts as a carbohydrate source for the fungus. 19 In the literature there are few examples in which the controlled release of antifungal volatile compounds from β-CD was studied. 18 One of these studies involved the formation of inclusion complexes with thyme essential oil. 19 The latter study showed antifungal activity after 48 hours, with a markedly lower activity of encapsulated essential oil compared to pure oil. However, the study did not describe the possibility of a sustained inhibition of fungal growth.
EOCs such as carvacrol, cinnamaldehyde, eugenol and thymol are well known for their antimicrobial activity, [30] [31] [32] prolonged antifungal effects compared with pure pesticide, but only for 4 days. 23 In this context, it has been found that the antimicrobial properties of allylisothiocyanate (AITC) were unaffected by encapsulation into SMPS, resulting in a reduction of bacteria similar to that found with pure AITC vapors, but also without any prolonged or sustained activity. 26, 27 Other results from Usha Rani et al. suggested that the antifeedant activity of the -pinene and linalool was enhanced by formulation with silica nanoparticles and bioactivity was correlated with the concentration of these compounds in the formulations. Adsorption of the terpenes on the surface of the nanoparticles enables even distribution resulting in increased bioavailability of the compounds. 28 In our work, we have described the particular entrapment of EOCs inside SMPS and we demonstrated that EOCs absorption into the SMPS is able to generate a suitable carrier to improve the antimicrobial activity of EOCs, even 30 days after the treatment.
CONCLUSIONS
In summary, we have reported herein a study of the in vitro antifungal activity against A. niger of certain EOCs (i.e. carvacrol, cinnamaldehyde, eugenol, and thymol) when encapsulated in MCM-41. Our study revealed that, even after 30 days, carvacrol and thymol encapsulated in mesoporous scaffolds were able to maintain antifungal activity and inhibit fungal growth. This is in clear contrast with the corresponding compounds when alone or encapsulated in -CD; none of these were able to display antifungal properties to such extent. To the best of our knowledge, this is the first report that demonstrates that the antifungal behavior of these EOCs is enhanced via their entrapment in mesoporous supports. 
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